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Using a novel bi-axial confocal rheoscope, we investigate the structure and rheology of sheared
colloidal suspensions under confinement. Consistent with previous work [X. Cheng et al., Proc.
Natl. Acad. Sci. U. S. A., 2011, 109, 63], we observe a vorticity-aligned string phase in moderate
concentrated colloidal suspensions under uniaxial shear. Using bi-axial shear protocols, we directly
manipulate the orientation and morphology of the string structures. Simultaneously, we measure the
suspension rheology along both the flow and vorticity directions with a bi-axial force measurement
device. Our results demonstrate that despite the highly anisotropic microstructure, the suspension
viscosity remains isotropic and constant over the shear rates explored. These results suggest that
hydrodynamic contributions dominate the suspension response. In addition they highlight the ca-
pabilities of bi-axial confocal rheoscopes for elucidating the relationship between microstructure and
rheology in complex fluids.
PACS numbers:
I. INTRODUCTION
Strong shear flow can break the symmetry of isotropic
phases in complex fluids and induce a highly anisotropic
structure [1–3]. Examples include the out-of-equilibrium
isotropic-nematic phase transition in sheared liquid crys-
tals [4–6], the log-rolling cylindrical phase of micelles
in amphiphilic films [7, 8], and the shear-induced crys-
tallization and buckling phases in concentrated colloidal
suspensions [9, 10]. The flow behavior of these fascinating
phases has been intensively studied in rheological mea-
surements using uniaxial shear [1–11]. However, this con-
ventional method only measures the stress response along
the flow direction. It cannot reveal the directionally de-
pendent rheological properties of anisotropic phases. For
measuring these quantities, a bi-axial shear protocol with
the superimposed perturbation method is required [12–
14]. Combining such bi-axial shear protocols with direct
imaging of the material microstructure holds the promise
of enabling correlation between structure and anisotropic
rheology in these structured materials.
With that end in mind, we construct a bi-axial confocal
rheoscope by combining a dual-directional shear cell with
a bi-axial force measurement device. This apparatus al-
lows for manipulating the formation and the orientation
of shear-induced structures while simultanesously mea-
suring their anisotropic mechanical response, and imag-
ing their structure [15–19].
Here, we use this instrument to systematically investi-
gate the structure and rheology of the vorticity-aligned
string phase in sheared colloidal suspension under con-
finement. This phase is particularly interesting because
it has a unique one-dimensional translational symmetry
[20–26], has been shown to arise from interesting hydro-
dynamic interactions between particles [26], and has po-
tential applications to nano-fabrication and bio-analysis
[2, 27, 28]. Until recently, prior research has focused on
the string structure in bulk colloidal suspensions with
visco-elastic polymeric solvents [1, 2, 20–22, 24, 25]. How-
ever, it has been found that even in a simple Newtonian
fluid, suspended colloidal particles can assemble into a
string structure when confined to a narrow gap that is
a few particle-diameters thick [26]. In contrast to the
flow-aligned string phase found in bulk colloidal suspen-
sions with visco-elastic solvents, the confined strings ori-
ent along the vorticity direction normal to the plane of
shear. The intriguing structure results from the unique
interactions that arise from geometric constraint and hy-
drodynamic particle-particle and particle-wall couplings
all of which are enhanced by confinement [26]. Although
the structure of the vorticity-aligned string phase under
confinement has been reported [26], the flow behavior and
stress response of this anisotropic phase are still poorly
explored. With our bi-axial confocal rheoscope, we di-
rectly measure the rheology of the string phase along
different directions. Furthermore, we demonstrate direct
control over the isotropic-to-string phase transition using
bi-axial shear flows.
II. EXPERIMENTAL METHOD
The schematic of the bi-axial shear cell is illustrated
in Fig. 1. For each experimental run, 10µl of suspen-
sion are loaded in a gap consisting of a coverslip and
a silicon wafer with a 9µm separation between them.
Both plates are adjusted to be parallel within 0.0075◦
by turning three set screws. The coverslip is coupled to
a multi-axis piezo (PI P-733) that can generate move-
ments along all directions to apply bi-axial shear flows.
The silicon wafer is attached to a bi-axial force measure-
ment device (FMD) so that the shear stresses σxy and
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FIG. 1: Three dimensional schematic of the bi-axial force
measurement device (left) and coordinate definition (right).
The abbreviations SG and ST stand for strain gauges and the
solvent trap, respectively. The lower strain gauges measure
the stress response along the X-axis and the upper ones mea-
sure the response along the Z-axis. The gap between the top
plate (silicone wafer) and the bottom plate (coverslip) is ex-
aggerated for clarity. The gap separation in the experiments
is 9.0µm. The shear flow is separately imposed along the X
and Z axes by moving the bottom plate using a multi-axis
piezoelectric actuator.
σzy are measured simultaneously. Here, X, Y , and Z
correspond to the flow, gradient, and vorticity axes of the
primary shear flow. In the FMD, eight foil gauges - four
for each direction - are wired as two independent Wheat-
stone bridges that enable stress measurement. All signals
measured by the FMD are amplified by signal condition-
ing amplifiers (Vishay 2310B) then digitized for Fourier
analysis. By mounting this bi-axial shear cell on a fast
confocal microscope (Zeiss LSM 5 Live), we also image
the microstructure while the suspension is sheared and
the stress response is measured.
Our sample is comprised of silica particles with diame-
ter a = 1.3µm suspended in a 1:4 water-glycerin mixture.
The solvent has a viscosity η = 0.06Pa·s and a refractive
index of 1.442 that matches that of the particles. The
suspension volume fraction is 0.39. We add 1.25mg/ml
of fluorescein sodium salt to dye the solvent for confocal
imaging.
The bi-axial shear flow imposed can be divided into
two oscillatory shear flows
~γ(t) = ~γ1 sin(ω1t) + ~γ2 sin(ω2t+ δ). (1)
Here, ~γ corresponds to the strain amplitude, ω corre-
sponds to the shear frequency, and δ corresponds to the
phase angle difference between the primary flow, indi-
cated by the subscipt 1 and secondary flow, indicated by
the subscript 2.
III. RESULTS
A. Phase angle dependence: structure
In the phase angle experiment, we set two perpendic-
ular flows at |~γ1| = |~γ2| = 2.50, ω1 = ω2 = 31.4s−1
and vary the phase angle δ over the range 0 ≤ δ ≤
pi. Thus the shear rate along each axis is γ˙1,2 =
78.5s−1, which corresponds to Pe= 4.73 × 103. Here,
Pe=6piη0γ˙a
3/(8kBT ) is the Pe´clet number that charac-
terizes the ratio of the shear rate γ˙ to the relaxation rate
1/τs of the sample.
Fig. 2(a), (b) and (c) show the Lissajous curves for the
imposed flows where δ = 0, pi/6 and pi/2 respectively. For
δ = 0, the shear strain trajectory is linear and aligned at
45◦ to the X-axis. This linearly polarized shear flow is
exactly the same as the uniaxial shear flow except with
a different orientation (Fig. 2(a)). In Fig. 2(b) and (c),
~γ(t) is elliptically polarized with δ = pi/6 and circularly
polarized with δ = pi/2 respectively.
Previous measurements have shown that the string
structures are most pronounced near the boundaries [26].
Thus, for each phase angle, we image the colloidal parti-
cles in the second layer 2.5µm below the top stationary
plate. We find that as δ changes from 0 to pi/2 the sus-
pension structure transitions from a string morphology
to one that is isotropic (Fig. 2(d-f)). To illustrate this
transition we calculate the pair correlation functions g(~r)
(Fig. 2(g), (h) and (i)). Here g(~r) is the normalized prob-
ability of finding a particle at vector ~r with respect to
another particle in the X-Z plane. In Fig. 2(d), we find
that when the suspension is subjected to a linearly po-
larized shear flow, g(~r) demonstrates a highly anisotropic
distribution at its first peak and exhibits stripes at larger
~r. These stripes along with the anisotropic distribution
of particle densities confirm that particles align along the
vorticity direction and form string structures under uni-
axial shear (Fig. 2(g)). This finding is consistent with
previous results [26]. As δ increases to pi/6, the first peak
of g(~r) maintains a similar shape but with a broader peak
width. Most stripes disappear and the anisotropy of the
second and the third peaks of g(~r) significantly decreases
(Fig. 2(h)). Finally, for δ = pi/2, g(~r) is isotropic indi-
cating that the suspension is characterized by liquid-like
order Fig. 2(i).
To determine the degree of order we circularly inte-
grate g(~r) weighted by cos(2θ) and construct the order
parameter ∆A.
∆A(r) =
∫ 2pi
0
g(r, θ) cos(2θ)dθ (2)
where g(r, θ) is the pair correlation function in polar co-
ordinate, and θ is the angle between ~r and the flow di-
rection. This order parameter is the real space analogue
of the alignment factor, which has been used to quantify
anisotropic suspension structures [20, 32]. ∆A is posi-
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FIG. 2: Suspension microstructure for three phase angles δ = 0, pi/6 and pi/2. Lissajous curves for the normalized shear strains
γ˜y versus γ˜x are plotted in (a)-(c), where (a) (b) and (c) correspond to δ = 0, pi/6 and pi/2 respectively. The confocal images of
the suspension with δ = 0, pi/6 and pi/2 are shown in (d), (e), and (f) respectively. The corresponding pair correlation functions
g(~r) of the particle distribution are shown in (g), (h) and (i). Each g(~r) image represents a measurement averaged over 20
shear cycles. The dashed lines are guides for the eye and denote the 45◦ and the 135◦ orientations. The color ranges in the
density plots are chosen to emphasize the structural features.
tive for flow-aligned structures and negative for vorticity-
aligned structures. We calculate ∆A versus r/a for ten
different values of δ, and plot the data for four values in
Fig. 3. We find that for δ = 0, ∆A has two negative
extremes located at r/a = 1.0 and 2.1, corresponding to
the vorticity-aligned structures. The sign of this func-
tional form is opposite to the one found for flow-aligned
structures [20, 32]. As δ increases, the oscillation of ∆A
decreases and becomes flat at δ = pi/2.
We measure ∆A at the first and second negative peaks
∆A1 and ∆A2 and plot them versus δ. We find that both
∆A1 and ∆A2 decay with increasing phase angle as il-
lustrated in the inset of fig. 3. This gradual decrease
indicates that the transition from the string phase to
isotropic phase is continuous. We also find that ∆A2
is smaller than ∆A1 for all δ. The ratio ∆A1/∆A2 char-
acterizes the probability ratio of finding a two-particle
chain to that of a three-particle chain aligned along the
vorticity direction. In combination with the real space
images, these data demonstrate that as δ is decreased,
the particles form chains that are both long and kinked.
These trends are valid so long as the shear period
is much smaller than the relaxation time. Stokesian
Dynamics simulations[29–31] and previous experimental
results[26], show that for the applied shear rate, the dif-
fusivity is enhanced by a factor of 200. Thus, the time
for a sheared sample to reach steady state is around
τs/200 ∼ 0.3s where τs = 60s is the relaxation time
for the quiescent suspension. This shear-induced relax-
ation enables particles to form strings within about one
shear cycle. Thus, for the circularly polarized shear flow
(δ = pi/2), if the radius of gyration and the period are
both increased by a factor of 10 so that the shear rate
is maintained, the string structures will still form but
change their orientation with the imposed flow.
B. Phase angle dependence: rheology
We study the relation between the rheology and the
anisotropic microstructure by measuring the stress re-
sponses along the X-axis, σxy, and the Z-axis, σzy, si-
multaneously for different phase angles δ. We plot σxy
and σzy versus δ in Fig. 4 (a). Despite the dramatic
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FIG. 3: Alignment factor ∆A at four different δ. At small
phase angles, ∆A oscillates and has two negative maxima at
r/a = 1 (vertical left dashed line) and r/a = 2.1 (vertical
right dashed line). The inset plots the alignment factors ∆A1
and ∆A2 versus δ.
change in microstructure, we find no measureable differ-
ence between σxy and σzy and that both are independent
of δ.
To measure the Pe-dependence of σxy and σzy we per-
form an amplitude sweep over the range 5× 10−4 ≤ γ ≤
3.00 while keeping the frequencies fixed at 31.4 s−1. We
plot σxy and σzx versus Pe´clet number for both linear
and circular polariztions in Fig. 4(b). We find quantita-
tively similar dependencies for both polarizations. These
data indicate that the shear induced in-plane structure
does not alter the suspension rheology over this range of
Pe.
C. Superposition spectroscopy
To probe the anisotropic rheological properties of the
suspensions, we perform a superposition spectroscopy
measurement [13, 14]. This method has recently gained
traction for measuring the shear thinning behavior of
polymer melts[13, 14] and colloidal glasses [12, 34], as well
as slow relaxations in granular systems[33]. To perform
these measurements we apply a supperposition of shear
flows as described in Eq. 1 with frequencies ω1 = 31.4s
−1
for the primary flow and ω2 = 251s
−1 for the secondary
flow. Simulatneously we measure the stress response
along the X-axis and the Z-axis using our bi-axial force
measurement device.
We conduct experiments using parallel and orthogo-
nal modulations of the primary shear flow. For the or-
thogonal modulations, we set γˆ1 · γˆ2 = 0, γ1 = 2.50
and γ2 is varied. The primary flow is held fixed with
Pe1 = 4.73 × 103 and is used to generate the string
phase. The secondary flow is varied over the range
8.60 < Pe2 < 4.30 × 104 to probe the suspension’s rhe-
ological response. For the parallel modulation, we set
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FIG. 4: Suspension stress response versus δ (a) and Pe (b).
(a) The stress responses along the X-axis, σxy and the Z-axis,
σzy are plotted versus δ with γ1,2 = 2.50 and ω1,2 = 31.4s
−1.
The dashed horizontal line indicates the mean value of the
data. Each data point is averaged over five independent mea-
surement runs with each run consisting of 500 cycles. (b)
The stress response is plotted as a function of Pe for linearly
polarized and circularly polarized shear flows. The data are
consistent with a Newtonian response as indicated by the lin-
ear fit (dashed line).
γˆ1 · γˆ2 = 1, γ1 = 1.25, and γ2 is varied. The primary
flow is held fixed with Pe1 = 2.36 × 103 and is used to
generate the string phase. The secondary flow, which is
now parallel to the primary flow, is varied over the range
8.60 < Pe2 < 1.95 × 104 to probe the suspensions rheo-
logical response along the flow direction. In both cases
we record the total stress for 500 cycles and then take
a Fourier transform of the measurement to read out the
response - σzy, or σxy at the frequency ω2.
We plot σ2⊥ = σzy(ω2) for the orthogonal modula-
tion (green diamonds) and σ2‖ = σxy(ω2) for the paral-
lel modulation (green diamonds) versus Pe in Fig. 5(a)
and (b) respectively. We find that the measurements for
both modulations are quantiatively similar. In both cases
we find a linear dependence of stress on Pe indicating a
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FIG. 5: Stress response σ2⊥ and σ2‖ measured using super-
position spectroscopy for orthogonal (a) and parallel modu-
lations (b). (a) σ2⊥ measured in the orthogonal modulation
experiment is plotted as a function of Pe2. The stress response
without the primary flow is also shown in the plot for compar-
ison. The dashed vertical line (black) is the Pe´clet number of
the primary flow, Pe1. The oblique dashed line is the theoret-
ical calculation of the hydrodynamic stress response[35]. The
narrow orange band represents the uncertainty in the viscosity
calculation due to 5% change in the suspension volume frac-
tion. (b) σ2‖ measured in the parallel modulation experiment
is plotted versus Pe2. In the parallel modulation experiment,
Pe1 (dashed line) is smaller than that of orthogonal modula-
tion due to the limitation of the piezo travel distance.
Newtonian response. These results suggest that there
may not be any effect of the structure on the suspension
shear rheology. To test this hypothesis we conduct ad-
ditional experiments in which the primary flow is absent
(blue circles). We find that the stress measurements for
these flows are quantitatively similar to those where the
primary flow is applied. Collectively these results demon-
strate that despite the formation of string structures the
suspension response remains isotropic. In addition, we
calculate the high frequency limit stress response for an
isotropic suspension with φ = 0.39 using [35]:
ηH =
1 + 32φ[1 + φ(1 + φ− 2.3φ2)]
1− φ[1 + φ(1 + φ− 2.3φ2)] . (3)
We find that the predicted viscosity ηH = 240mPa·s
gives a stress response (orange dashed lines in Fig. 5)that
is in excellent agreement with the data. These results
imply that for the range of Pe explored, the shear stress
response is dominated by a hydrodynamic contribution
that is independent of the shear induced suspension
structure.
IV. CONCLUSION
Using a bi-axial confocal rheoscope, we measured the
rheological response of the vorticity-aligned string phase
along the flow and vorticity directions. This apparatus
enabled us to control the orientation and morphology of
the sheared colloidal suspension under confinement. We
showed that by varying the phase between the two shear
directions the sample transitions from a string phase to
an isotropic phase. By employing various bi-axial shear
protocols, we found that despite it’s anisotropic struc-
ture, the string phase rheology is quantitatively similar
to the that of the isotropic suspension. The result clearly
shows that hydrodynamic interactions play a crucial role
in the formation of the string phase and dominate its
rheological response [26]. In addition, they demonstrate
that for this volume fraction and degree of confinement,
the hydrodynamic contribution to the shear stress is in-
sensitive to the suspension microstructure. Whether such
anisotropic structures lead to a normal stress difference
remains unknown.
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